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The  feasibility  of  using  Coherent  Anti-Stoke9  Raman  Spectroscopy  (CARS)  to 
study  the  pheonomenon  of  muzzle  flash  is  assessed.  The  experiment  reported 
here  consisted  of  firing  a  modified  M-14  rifle  into  a  large  metal  box  purged 
with  nitrogen  while  probing  the  resulting  flow  field  with  spark  shadowgraphs, 
a  He-Ne  laser  and  col  inear  laser  beams  used  for  CARS  signal  generation  from 
carbon  monoxide.  Results  of  the  light  transmission  experiments  indicate  the 
times  and  positions  in  the  muzzle  flow  field  where  CARS  may  be  used  to  obtain 
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temperature  measurements.  Both  narrow-band  and  broad  band  CO  CARS  signals 
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appear  sufficiently  large  for  determining  spatially  and  temporally  resolved 
temperatures.  The  direction  of  future  muzzle  flash  temperature  studies  is 
also  given.  * 
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I.  INTRODUCTION 

Muzzle  flash  is  observed  during  the  operation  of  large  and  small  caliber 
guns.  It  typically  appears  as  a  bright  flash  of  light  outside  the  muzzle  and 
is  associated  with  the  release  of  rich  combustion  products  from  the  barrel  of 
the  gun.  Controlling  and  suppressing  this  phenomenon  is  of  major  practical 
concern  since  the  energy  release  is  sufficient  to  produce  blast  waves  and 
large  vis ible/ thermal  signatures,  both  being  of  use  in  locating  the  position 
of  the  gun. 

Past  studies  have  indicated  the  existence  of  three  separate  regions  of 
flash.  They  are,  in  order  of  increasing  distance  from  the  muzzle:  primary, 
intermediate,  and  secondary.  Luminosity  from  these  three  regions  arises 
primarily  from  glowing  particulate  and  sodium  emission.  Thus,  the  spectrum 
associated  with  muzzle  flash  displays  line  emission,  as  well  as  a  broad 
background  emission  characteristic  of  blackbody  radiation.  Primary  flash 
occurs  at  the  barrel  exit  and  is  a  result  of  the  hot,  luminous  combustion 
products  leaving  the  muzzle  after  the  bullet  uncorks.  Subsequent  rapid 
expansion  of  the  combustion  gases  quenches  much  of  the  remaining  gas  phase 
reaction,  thus  producing  a  dark  region  following  the  primary  flash.  As  the 
process  continues,  over-expansion  leads  to  the  formation  of  a  Mach  disk 
(normal  shock  wave)  downstream  of  the  muzzle.  This  shock  structure  reheats 
the  incomplete  combustion  products  and  initiates  new  combustion.  As  a  result, 
a  second  luminous  region  develops  downstream  of  the  Mach  disk  and  is  called 
the  intermediate  flash  whose  major  products  contain  CO  and  Hj.  By  this  time, 
the  growing  flow  field  begins  to  entrain  air  and  a  third  combustion  region 
develops  (the  secondary  flash).  Combustion  of  CO,  H2,  and  other  fuels  with 
air  here  accounts  for  a  major  portion  of  energy  release  occurring  outside  the 
gun  barrel.^ 


The  study  of  muzzle  flash  is  motivated  by  the  desire  to  control  and 
suppress  the  secondary  flash.  It  has  been  observed  that  small  amounts  (1-2%) 
of  an  alkali  metal  salt  added  to  the  propellant  will  often  suppress  the  flash, 
but  the  mechanisms  associated  with  the  suppression  are  not  well  understood. 

For  example,  it  is  still  unclear  whether  these  metal  salts  act  thermally  or 
chemically,  and  if  the  latter,  whether  the  process  occurs  heterogeneously 
(i.e.,  on  the  surface  of  a  particle)  or  homogeneously  in  the  gas  phase. 


Recent  studies 
to  be  done. 
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has  shed  some  light  on  this  subject,  but  much  work  remains 


When  muzzle  flash  is  considered  in  the  context  of  studying  the  condition 
leading  to  its  suppression,  the  relevant  mechanisms  involved  must  often  be 
guessed  at.  The  reason  for  this  is  a  lack  of  information  on  the  conditions 
present  within  the  developing  muzzle  flow  field.  High  luminosity,  extreme 
density  gradients,  high  concentrations  of  particulates,  and  the  transient 
nature  of  the  event  are  all  responsible  for  preventing  many  of  the 
traditionally  accepted  diagnostic  techniques  from  being  applied.  Williams  and 
Powell^  and  Lederman,  et  al.,^  have  both  used  laser  Raman  spectroscopy  to 
investigate  the  muzzle  blast  region  of  a  20  mm  gun.  Both  studies  used  down¬ 
loaded  rounds  which  achieved  muzzle  velocities  in  the  neighborhood  of  400  m/s. 
Williams  and  Powell  looked  at  the  region  from  0.32  and  1.3  cm  downstream  of 
the  barrel  exit  for  times  up  to  3  milliseconds  after  the  projectile  exit. 

Laser  induced  particulate  incandescence  prevented  direct  measurements  of 
temperature,  but  relative  densities  for  N2  and  CO  were  obtained.  These 
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relative  values,  however,  were  based  on  an  assumed  gas  temperature,  and  thus, 
the  results  of  Williams  and  Powell  can  at  best  be  qualitative.  Lederman,  et 
al.,  observed  a  position  of  5  cm  downstream  of  the  muzzle  exit  for  a  time 
frame  of  0.33  to  2  milliseconds.  Over  this  region  they  obtained  an 
essentially  constant  temperature  of  ~1500  K.  The  lack  of  a  time  dependence  on 
temperature  caused  the  authors  to  question  the  measurements,  but  they  could 
not  substantiate  alternate  explanations.  Petrow  and  Harris’  have  looked  at 
the  muzzle  flash  of  a  7.62  mm  gun  using  CARS.  They  searched  for  the  CARS 
signal  of  the  molecule  in  the  muzzle  flash  region.  Due  to  nonsynchronous 
triggering  of  the  laser  with  respect  to  the  gun  firing,  only  one  Hj  spectrum, 
with  a  low  signal-to-noise  ratio,  was  obtained  in  several  hundred  sho  s. 
Klingenberg  and  Mach  used  a  non-laser  diagnostic  technique  based  on  sodium  and 
potassium  line  reversal  to  obtain  temperature  measurements  of  the  intermediate 
and  secondary  flash  regions.  Such  a  technique  is  generally  applicable  where 
the  probe  region  is  luminous  and  where  the  Abel-inversion  technique  for  data 
analysis  is  valid,  i.e.,  an  axisymmetric  temperature  distribution  and  a 
uniform  alkali  metal  concentrat ion. 

Although  the  CARS  approach  is  more  sophisticated  than  line  reversal 
techniques,  it  appears  to  be  well  suited  for  obtaining  temperature  and 
concentration  profiles  in  the  muzzle  flash  region.  It  is  non-intrus ive  and 
capable  of  a  high  degree  of  spatial  and  temporal  resolution.  In  addition,  the 
CARS  signal  emerges  as  a  collimated  beam  making  it  ideal  for  minimizing 
interference  associated  with  incandescence  and  luminosity  from  the  probe 
volume.  This  method  relies  on  the  ability  of  high  energy  lasers  to  pass 
through  the  flow  field,  hence,  its  applicability  is  limited  to  systems  of 
relatively  high  light  transmission. 

Typical  solid  propellants  burn  rich  giving  the  major  products  of 
combustion  as  approximately  40%  CO,  17%  H2,  16%  H2O,  14%  CO2,  and  11% 

In  the  work  reported  here,  CO  has  been  chosen  as  the  target  molecule  for  the 
CARS  technique.  There  are  several  obvious  reasons  for  this  choice.  Diatomic 
spectroscopy  is  simpler  than  triatomic,  thus  eliminating  H2O  and  CO2  as 
possible  candidates.  N2  is  present  in  air,  which  can  lead  to  problems  when 
using  the  colinear  geometry  for  generating  CARS  signals.  CO  and  H2  still 
remain  as  candidates;  however,  CO  is  present  in  larger  concentrations  and 
there  exists  more  efficient  dyes  for  producing  the  Stokes  beam  appropriate  for 
CO  than  for  H2.  One  further  point  should  be  made  with  reference  to  the  Hj 
molecule.  Since  H2  has  such  a  large  rotational  constant,  the  individual 
rotational  lines  within  the  Vg_j  Q-branch  of  H2  are  well  resolved.  This 
permits  a  simpler  computation,  as  well  as  permitting  lower  temperatures  to  be 
determined  more  precisely.  This  well  resolved  structure  has  a  drawback  which 
arises  when  taking  single  shot  data.  The  shot-to-shot  fluctuations  of  the  dye 
laser  can  introduce  serious  errors  into  the  data  analysis  unless  the  laser 
frequency  envelope  (amplitude  as  a  function  of  frequency)  is  monitored  with 
each  laser  pulse.  This  monitoring  adds  to  the  experimental  complexity,  and 
consequently,  CO  is  deemed  the  choice  molecule. 

In  this  paper,  we  present  data  on  the  feasibility  of  using  the  CARS 
approach  to  study  the  muzzle  flash  phenomenon.  Spark  shadowgraphs  and  light 
transmission  data  for  various  locations  in  the  flow  field  are  presented. 

Also,  broadband  CARS  signals  are  presented  demonstrating  the  acquisiton  of 
signals  that  can  later  be  used  for  obtaining  temperature  measurements. 


II.  EXPERIMENTAL  DESCRIPTION 


The  experimental  apparatus  consisted  of  a  modified  M-14  rifle  having  a 
nominal  muzzle  diameter  of  7.62  mm  and  a  shortened  barrel  length  of  451.5  ran. 
This  previously  used  barrel  length  has  been  incorporated  here  so  that  a 
comparison  with  past  studies  **  ^  can  be  made.  The  rifle  was  held  in  a 
framework  which  was  attached  to  a  large  metal  box  of  dimensions  0.6  x  1.0  x 
1.4  meters.  Design  features  of  this  box  included  a  retractable  flat  flame 
burner  for  generating  rich  CO/O2  flames,  a  vent  for  gas  removal,  and  a 
nitrogen  line  for  purging.  In  addition,  Plexiglas  windows  were  incorporated 
into  the  design  to  provide  optical  access  to  the  interior  regions  of  the  box. 
However,  for  CARS  signal  generation,  simple  free  air  access  ports  were 
provided  through  the  Plexiglas  because  of  the  high  power  of  the  laser  pulses. 
For  trapping  the  bullets  during  each  experiment,  a  bullet  catcher  was  used  on 
the  opposite  side  of  the  box  from  the  rifle. 

Standard  ball  ammunition  with  WC-846  deterred  surface  coated  propellant 
has  been  used  for  all  data  reported  here.  Table  1  lists  the  chemical 
composition  of  this  propellant.  It  is  made  up  of  nitroglycerin  and  nitro¬ 
cellulose  with  small  amounts  of  calcium  carbonate  and  sodium  sulfate.  The 
nominal  mass  of  propellant  in  each  round  was  2.99  gm.  When  used  in  the  barrel 
with  dimensions  specified  above,  this  gave  a  muzzle  velocity  of  approximately 
840  meters/ second . 


Table  1.  Composition  of  WC-846  Propellant 


Component  %  (By  Mass) 


Nitroglycerin  9.71 
Di ni t rotoluene  0.71 
Diphenylamine  0.90 
Nitrocellulose  87.01 
Calcium  Carbonate  0.46 
Sodium  Sulfate  0.07 

Moisture  and  Volatiles  0.85 
Residue  Solvent  0.29 


Our  studies  began  by  measuring  the  light  emission,  primarily  secondary 
flash,  with  a  photodiode  when  firing  into  air.  Figure  1  displays  the  temporal 
profiles  of  the  light  observed  18  cm  downstream  of  the  mizzle  exit  for  four 
shots.  These  dual  oscilloscope  traces  were  triggered  by  the  breaking  of  a  He- 
Ne  laser  beam  positioned  at  the  muzzle  exit.  The  bottom  trace  represents  the 
detected  He-Ne  laser  light  where  the  high  value  indicates  total  blockage  of 
the  beam  and  the  low  value  full  transmission.  The  top  traces  are  the  muzzle 
flash  light  emission.  Light  emission  begins  about  1.2  milliseconds  after 
bullet  exit  and  lasts  for  about  1  millisecond.  However,  as  can  readily  be 
observed,  there  is  substantial  shot-to-shot  variation.  This  variation  is 
indicative  of  the  stochastic  nature  of  secondary  flash  due  to  the  turbulent 
mixing  of  air  with  the  combustion  products  coming  from  the  gun  barrel.  Such  a 
situation  is  unacceptable  for  a  single  shot  CARS  experiment  because  of  the 
i r reproduc  i b i  1  i t y  of  the  process.  To  properly  access  the  data  ’’n  such  a 
situation,  it  would  be  necessary  to  build  a  probability  distribution  function 
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Figure  1.  Light  Emission  from  the  Muzzle  Flash  of  a  7.62  mm  Rifle 
Using  Standard  Ball  Ammunition.  Measurement  point  18  cm  downstream  of 
nuzzle  exit.  Horizontal  time  scale  is  500  microseconds.  Vertical  scale 
is  light  intensity  in  arbitrary  units.  All  four  shots  repeated  under 

identical  conditions. 


for  the  secondary  flash  region  which  would  be  extremely  time  consuming.  Since 
the  intermediate  flash  is  less  turbulent  than  the  secondary  flash,  and  since 
the  present  ideas^  suggest  that  it  is  the  controlling  region  for  generating 
secondary  flash,  we  decided  to  perform  the  measurements  here.  Purging  the  box 
with  nitrogen  suppressed  the  secondary  flash,  thus  eliminating  most  of  the 
light  emission  and  blast  effects  from  the  experiment.  Still  present,  however, 
were  the  primary  and  intermediate  flashes  and  the  gas  dynamic  processes 
associated  with  them.  An  example  of  the  primary  and  intermediate  flash  is 
shown  in  Figure  2,  where  the  small  amount  of  light  at  the  muzzle  exit  is  the 
primary  flash.  The  photograph  was  taken  under  self-light  conditions  as  the 
gun  fired  into  a  nitrogen  atmosphere. 


Figure  2.  Self-Light  Photograph  of  Primary  and  Intermediate  Flash 

For  a  qualitative  picture  of  the  developing  muzzle  flow  field,  we 
employed  the  technique  of  spark-shadowgraph  photography  similar  to  that  used 
previously.  A  short  duration  (<5  microsecond)  point  light  source  was  placed 
approximately  2.5  meters  from  the  gun-box  setup.  The  optical  path  was  through 
a  pair  of  openings  in  opposite  sides  of  the  box.  A  large  Fresnel  lens 
collected  light  passing  through  the  viewing  region  and  a  simple  open  shutter 


camera,  with  a  blue  gelatin  filter,  recorded  the  resulting  image.  This  filter 
permitted  the  transmission  of  light  from  the  short  duration  spark  source  while 
blocking  the  sodium  emission  from  the  primary  and  intermediate  flash  regions. 
Film  speed  used  in  the  camera  was  ASA  1200.  A  variable  delay  for  the  spark 
light  source,  triggered  by  the  interruption  of  a  He-Ne  laser  beam  positioned 
at  the  exit  of  the  gun  barrel,  provided  a  means  of  obtaining  photographic 
records  for  different  times  in  the  experiment.  Semi-quantitative  data  on  the 
light  transmission  through  the  flow  field  were  provided  by  a  series  of  simple 
experiments  employing  a  He-Ne  laser  and  a  photodiode  detector,  as  shown  in 
Figure  3.  The  laser  was  directed  through  the  flow  field  at  specified 
downstream  locations  from  the  barrel  exit.  Laser  path  and  barrel  axis  were 
perpendicular.  During  the  experiment  a  storage  oscilloscope  recorded  the 
detector  response.  An  effort  was  made  to  ensure  that  the  detector  behaved  in 
a  linear  fashion  to  the  amount  of  light  received.  Effects  of  beam  steerage 
were  explored  by  performing  experiments  with  both  a  large  detector  surface, 
and  one  where  only  a  small  aperture  in  front  of  the  detector  surface  was  used. 
No  apparent  differences  were  present  between  the  two  sets  of  data. 

CARS  spectra  for  CO  were  obtained  during  gun  firing  using  the 
experimental  setup  shown  in  Figure  4.  This  arrangement,  along  with  the 
triggering  system  described  later,  provided  the  opportunity  for  recording 
single  shot  CARS  signals  during  the  experiment.  A  colinear  phase  matching 
scheme  was  employed  with  pump  beam  and  Stokes  beam  wavelengths  of  532  nm  and 
500  nm ,  respectively.  The  latter  value  was  the  center  of  the  broadband  dye 
laser  emission  (in  zero  order)  which  had  a  band  width  of  approximately  4  nm. 
This  permitted  data  to  be  obtained  from  ground  and  vibrat ional ly  excited 
levels  of  the  CO  molecule,  thus  yielding  vibrational  temperature  information 
on  the  molecules  in  the  probe  volume.  A  previous  study  5  on  CO  in  a  diffusion 
flame  used  a  binary  dye  mixture  of  Rhodamine  640  (R-640)  and  Kiton  Red  (KR) 
for  the  dye  laser.  Our  choice  of  dyes  was  similar  with  approximate 
percentages  by  weight  of  70%  R-640  and  30%  KR.  Exact  dye  mixture 
concentrations  were  adjusted  during  laser  operation  to  "peak"  the  output  while 
observing  CARS  signals  of  hot  CO  from  a  burner.  This  proved  to  be  the  most 
expedient  manner  in  which  to  obtain  the  correct  broadband  emission  output. 

The  optical  train  consisted  of  a  Quantel,  Model  YG-481C,  Nd:YAG  laser 
with  frequency  doubling,  a  Quanta-Ray,  Model  PDL-1 ,  pulsed  dye  laser,  and 
various  anti-reflection  coated  optics  to  direct  and  combine  the  vertically 
polarized  CARS  signal-generating  laser  beams  as  shown  in  Figure  4.  The  532  nm 
radiation  was  separated  from  the  1064  nm  residue,  left  over  from  doubling,  by 
a  dichroic  mirror.  Frequency  doubled  output  from  the  Quantel  unit  was 
measured  as  approximately  300  millijoules  per  pulse.  Of  this,  a  beam  splitter 
directed  60%  to  pump  the  dye  laser  which  produced  a  Stokes  beam  energy  in  the 
range  of  30  to  40  millijoules  per  pulse.  The  remaining  40%  was  directed  to  a 
beam  expander.  Path  lengths  of  both  the  Stokes  beam  and  the  pump  beam  were 
matched  and  then  the  two  beams  combined  into  one  with  the  use  of  a  dichroic 
mixer  with  75%  efficiency.  To  improve  the  spatial  resolution  of  this  colinear 
geometry,  the  pump  beam  was  expanded  to  2.06  cm.  Next,  a  pair  of  ant i- 
ref lection  coated  30.5  cm  focal  length  lenses  were  employed  to  direct  the  CARS 
generating  beams  into  the  probe  voluem  and  then  to  recollimate  the  emerging 
radiation  which  included  the  CARS  signal. 

Also  shown  in  Figure  4  are  the  details  of  the  CARS  signals  acquisition 
system.  After  t lie  collecting  lens  recollimated  the  emerging  laser  beams  and 
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CARS  signal,  a  blue  filter  was  used  to  reject  most  of  the  532  nm  and  600  nm 
radiation  from  the  signal  train  leaving  the  CARS  signal  at  478  nm.  Further 
separation  was  achieved  by  the  rutile  prism  which  directed  the  light  toward  a 
focusing  lens.  By  the  time  the  light  reached  the  300  micrometer  wide  entrance 
slit  of  the  quarter  meter  monochromator,  the  CARS  beam  was  sufficiently 
isolated  so  that  only  it  passed  into  the  monochromator.  A  2400  groove/mm 
grating  was  used  to  disperse  the  signal  and  a  microchannel  image  intensifier 
with  an  optical  multichannel  reticon  detector  recorded  the  resulting  CARS 
signal . 

The  FWHM  resolution  of  the  detection  system,  determined  from  Na-D  lines, 
was  approximately  14  cm~^.  The  sampling  volume  approximated  a  cylinder  of 
0.01  cm  in  diameter  which  had  a  length  that  was  experimentally  determined  by 
translating  a  1  mm  thick  glass  slide  through  the  CARS  interaction  zone  while 
monitoring  the  non-resonant  signal.  A  plot  of  the  peak  height  of  the  CARS 
signal  vs.  position  is  shown  in  Figure  5.  Spatial  resolution  is  commonly 
defined  as  the  position  at  which  the  signal  drops  to  1/e  of  its  maximum  value, 
and  using  this  criterion,  the  interaction  cylinder  length  was  determined  from 
Figure  5  to  be  0.55  cm. 

Although  the  details  of  the  timing  circuitry  will  be  presented  in  the 
next  section,  the  operation  of  the  detection  system  requires  some  explanation 
here.  The  gun  firing  mechanism  consisted  of  a  solenoid  actuated  trigger. 

From  the  time  the  solenoid  is  energized  to  the  time  the  bullet  exits  the 
barrel,  approximately  20  milliseconds  elapsed.  At  the  same  time  the  trigger 
sequence  is  begun,  the  control  unit  of  the  OMA  receives  a  signal  initiating  a 
time  interval  of  200  milliseconds  during  which  the  detection  elements  of  the 
reticon  are  active.  Also  during  this  time  interval,  a  shutter  is  opened  for 
approximately  100  milliseconds.  In  this  way,  detection  of  CARS  spectra 
originating  from  a  single  laser  pulse  was  achieved. 

III.  EXPERIMENTAL,  TIMING 

There  were  two  major  design  constraints  in  developing  the  laser  control 
circuitry.  The  first  was  associated  with  the  need  to  have  the  laser  pulsing 
continuously  (at  8.9  Hz*)  while  adjusting  the  system  for  maximum  signal 
generation.  The  second  constraint  involved  synchronizing  a  single  laser  pulse 
with  the  firing  of  the  gun  for  acquiring  data.  This  latter  constraint  meant 
precisely  triggering  the  laser  (within  a  few  microseconds)  from  a  repeatable 
source.  We  chose  the  interruption  of  a  He-Ne  laser  beam  positioned  in  front 
of  the  gun  barrel  as  the  trigger  source  of  the  laser. 

A  schematic  diagram  of  the  timing  system  is  shown  in  Figure  6.  The 
hardware  used  to  fulfill  the  experimental  requirements  proved  to  be  an 
integration  of  a  specially  built,  one-shot  control  circuit  with  the  commercial 


♦Normally  the  laser  operates  at  10  Hz,  however,  due  to  the  aging  of  the  power 
supply,  it  now  takes  longer  to  charge  the  capacitor  bank  when  operating  at 
full  power.  This  required  a  reduction  in  the  repitition  rate  to  ensure 
adequate  time  for  charging. 


laser  control  unit.  During  pre-firing  optical  adjustments,  the  laser  ran  at  a 
set  internal  frequency  of  8.9  Hz.  However,  when  a  single  laser  pulse  was  to 
be  synchronized  with  the  gun  firing,  the  one-shot  circuit  assumed  control  of 
the  experiment.  The  following  sequence  of  events  describes  the  operation  of 
the  system. 


Position  (cm) 

Figure  5.  Spatial  Resolution  of  Probe  Volume  as  Given  by  a  Plot  of  the 
CARS  Signal  Intensity  Generated  from  a  Glass  Slide  Vs.  Position  Across 

Probe  Volume 

CARS  signal  generation  was  first  optimized  with  the  laser  pulsing  at 
8.9  Hz.  At  the  time  the  experiment  was  to  start,  the  operator  actuated  a 
push  button  (master  start)  which  signaled  the  one-shot  circuit  to  assume 
control  of  the  experiment  on  receipt  of  the  next  laser  charge  order.  Upon 
receiving  the  order,  the  micro-relay  (see  Figure  6)  was  de-energized,  thus 
inhibiting  the  laser  from  firing  on  its  own.  The  reason  for  this  is  that  when 
the  micro-relay  is  closed,  the  rotary  switch  of  the  laser  control  unit  was 
grounded,  thus  allowing  the  end-of-charge  order  to  trigger  the  laser.  When 
the  relay  was  open,  the  switch  floated  high  preventing  the  end-of-charge  from 
being  acted  upon.  However,  when  this  order  was  issued  by  the  laser  control 


Figure  6.  Schematic  Diagram  of  Trigger  and  Timing  Setup 


unit,  the  one-shot  circuit  issued  a  gun  firing  order  by  energizing  the  solid 
state  relay,  triggering  the  OMA,  and  opening  the  shutter.  Approximately  20 
milliseconds  later,  the  bullet  emerged  from  the  barrel  interrupting  the  He-Ne 
laser  beam.  The  resulting  output  pulse  from  the  photo-detector,  through  an 
appropriate  delay,  triggered  the  laser  by  bringing  the  rotary  switch  on  the 
laser  control  unit  to  near  ground  potential  through  the  optical  isolator.  It 
should  be  noted  that  the  logic  for  the  one-shot  circuit  was  built  from  CMOS 
chips  operating  on  a  15  volt  power  supply.  This  choice  was  dictated  by  the 
requirements  of  extremely  high  noise  immunity  and  compatibility  with  the  logic 
of  the  laser  control  unit. 

We  should  point  out  that  the  procedure  described  above  triggers  the  flash 
lamps  of  the  Nd:YAC  laser.  The  actual  lasing  process  occurs  200  microseconds 
later  when  the  laser  oscillator  is  Q-switched.  Thus,  if  data  at  times  less 
than  200  microseconds  were  required,  a  modified  triggering  procedure  would  be 
needed.  The  data  reported  here  have  been  independently  timed  by  monitoring  a 
portion  of  the  532  nm  radiation  reflected  from  the  blue  glass  filter.  Thus, 
the  data  recorded  at  1,  2,  and  3  milliseconds  reflects  the  true  time  interval 
between  the  interruption  of  the  Ue-Ne  laser  and  the  detected  CARS  signal. 
Jitter  associated  with  these  times  could  not  be  assessed  at  the  delays  (<1 
millisecond)  used  in  these  experiments  because  of  the  limited  resolution  of 
the  oscilloscope  used  to  record  the  timing  pulses.  We  believe,  however,  that 
an  upper  limit  of  approximately  10  microseconds  is  the  associated  overall 
jitter  that  exists  for  the  timing  system  used. 

The  characteristic  times  of  the  experiment  include  those  associated  with 
the  data  acquisition  system  and  the  muzzle  flow  field.  The  laser  system 
operated  at  a  free  running  t ime-between-pulses  of  115  milliseconds  (8.9  Hz). 
From  the  time  at  which  the  trigger  solenoid  was  energized  to  the  time  at  which 
a  bullet  emerged  from  the  barrel,  approximately  20  milliseconds  elapsed.  The 
muzzle  flow  field  developed  on  time  scales  of  the  order  of  5  milliseconds 
while  primary  and  intermediate  flashes  occurred  in  the  first  millisecond  after 
the  bullet  leaves  the  barrel.  Through  the  use  of  the  variable  delay  unit  that 
transmitted  the  laser  fire  order  to  the  opto-isolator,  the  data  acquisition 
time  could  be  varied  from  near  zero  (time  bullet  uncorks)  to  beyond  10  milli- 
econds.  Thus  the  laser  timing  allowed  virtually  all  times  of  interest  in  the 
developing  muzzle  flow  field  to  be  studied. 

IV.  RESULTS  AND  DISCUSSION 

Figure  7  shows  a  sequence  of  five  shadowgraphs  obtained  at  various  times 
after  the  bullet  emerges  from  the  barrel.  The  clarity  of  these  photographs 
reveal  important  structure  in  the  muzzle  flow  field  as  the  combustion  products 
expand  into  a  nitrogen  atmosphere.  The  first  frame,  obtained  at  a  delay  of 
250  milliseconds,  shows  the  bullet,  shock  wave,  and  the  turbulent  flow  field. 
The  photograph  reveals  the  existence  of  a  dark  zone  that  may  indicate  the 
presence  of  a  high,  localized  concentration  of  particulates.  Later  times  in 
the  event  show  the  particulate  cloud  moving  downstream  and  a  shock  structure 
forming  outside  the  barrel.  This  latter  effect  is  evidenced  by  the  formation 
of  a  Mach  disk  which  travels  toward  the  barrel  exit  as  the  expansion  subsides. 
These  photographs  indicate  the  severe  environment  existing  when  the  gun  is 
f  i  red . 


Figure  7 „  Sequence  of  5  Shadowgraphs  of  the  Developing  Muzzle  Flow  Field  Recorded  at  0.25,  0.5,  1.0,  2.0,  and 
3.0  Milliseconds  After  Bullet  Exit.  Also  shown  are  the  narrow  band  CARS  signals  for  CO  at  1.0,  2.0,  and  3.0 
milliseconds.  The  +  symbols  on  the  shadowgraphs  indicate  the  position  where  the  CO  CARS  data  is  obtained. 


Figure  3  shows  a  series  of  curves  obtained  from  oscilloscope  records  of 
the  photodiode  response.  This  data  represents  the  transmission  of  the  He-Ne 
laser  beam  across  the  barrel  axis  for  downstream  locations  of  5,  7.5,  10,  15, 
and  20  centimeters.  Although  shot-to-shot  variations  occurred,  we  have 
presented  typical  curves  for  each  axial  position.  The  baseline  value  in  each 
of  the  curves  represent  the  fully  transmitting  condition,  while  the  maximum 
levels  indicate  total  blockage  of  the  beam.  All  curves  show  nearly  total 
blockage  at  some  time  during  the  event.  For  example,  at  7.5  cm,  this  blockage 
occurs  rapidly  and  lasts  for  approximately  200  microseconds.  At  15  and  20  cm, 
the  blockage  is  produced  first  by  the  bullet  passage,  as  shown  by  a  sharp  peak 
in  the  data,  and  then  by  the  following  particulate-laden  flow.  These  curves 
indicate  the  existence  of  times  curing  the  event  when  data  may  be  difficult  to 
obtain,  and  other  times  when  the  flow  field  may  be  successfully  probed  with 
laser  based  diagnostic  techniques.  A  frequent  question  arises  as  to  how  close 
to  the  muzzel  exit  can  the  flow  field  be  optically  probed.  From  the  results 
of  Figure  8,  as  well  as  other  photodiode  results  (not  shown),  we  speculate 
that  positions  from  1-5  cm  downstream  of  the  muzzle  exist  which  can  be  probed 
at  times  >300  microseconds  after  bullet  exit. 

Narrow  band  CARS  signals  for  CO  during  gun  firing  are  presented  in  Figure 
7.  They  were  obtained  by  using  a  Stokes  wavelength  of  600.5  run  which  is 
specific  for  the  ground  vibrational  state  of  carbon  monoxide.  The  data  were 
recorded  at  a  downstream  axial  position  of  7.5  cm  indicated  by  the  symbol  (+) 
in  the  spark  photograph.  The  purpose  of  recording  these  narrow  band  signals 
was  to  compare  the  resonant  signal  strengths  to  the  non-resonant  ones.  This 
was  accomplished  by  first  recording  data  at  600.5  nm,  then  repeating  the 
experiment  at  a  wavelength  off-tuned  from  this  value  by  0.3  nm.  Consistent 
results  were  obtained  and  for  the  3  millisecond  case,  the  peak  resonant  signal 
represented  approximately  an  order  of  magnitude  larger  signal  strength  than 
the  non-resonant  one.  This  was  also  true  for  the  2  millisecond  case,  although 
the  signals  were  less  intense.  Resonant  signal  strengths  for  1  millisecond 
were  not  strong  enough  to  make  a  meaningful  comparison. 

Broadband  CARS  signals,  recorded  near  478  nm,  are  shown  in  Figure  9. 

These  spectra  are  a  result  of  operating  the  Quanta-Ray  dye  laser  in  zero  order 
and  without  the  frequency  narrowing  etalon.  Also,  each  curve  represents  data 
originating  from  a  single  laser  pulse  due  to  the  transient  nature  of  the 
experiment.  These  broadband  spectra  are  influenced  greatly  by  the  broadband 
output  from  the  dye  laser.  The  quality  of  this  output  is  presented  in  Figure 
10.  Three  non-resonant  background  signals  obtained  from  nitrogen  in  the  probe 
volume  prior  to  gun  firing  are  shown.  These  curves  are  single  shot  results 
and  show  the  broadband  characteristics  of  the  dye  laser  output. 

A  comparison  of  the  broadband  CO  CARS  signals  from  the  muzzle  flow  field 
at  2  milliseconds  (bottom  curve)  and  from  a  rich  CO/O2  flat  flame  is  shown  in 
Figure  11.  The  two  spectra  were  obtained  at  the  same  nominal  laser  operating 
parameters.  Emission  from  the  flame  in  the  blue  region  of  the  spectrum  is 
responsible  for  the  interference  observed  in  the  recorded  CARS  signal. 

Although  this  interference  is  large,  it  is  evident  that  the  carbon  monoxide 
from  the  burner  is  hot  because  substantial  excitation  of  higher  vibrational 
levels  is  observed.  From  previous  experiments  conducted  with  the  burner  using 
spontaneous  Raman  spectroscopy  in  the  post  flame  gases,  the  temperature  of  the 
hot  carbon  monoxide  was  measured  to  be  approximately  1700  K.  The  CARS 
spectrum  obtaining  during  the  gun  firing  at  a  delay  of  2  milliseconds  does  not 
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Figure  10.  Non-Resonant  Broadband  CARS  Signals  from  Nitrogen  in 

the  Probe  Volume 
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Figure  11.  Comparison  of  CARS  Signals  from  Muzzle  Flow  Field  and 

CO/O2  Flat  Flame 
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display  activation  of  the  second  vibrational  level,  and  thus,  indicates  a  much 
lower  temperature.  This  is  also  true  for  data  collected  at  3  milliseconds. 

At  this  point  we  have  not  completed  revising  the  CARS  fitting  program 
appropriate  for  carbon  monoxide;  nonetheless  a  very  crude  upper  limit  for  the 
temperature  of  the  muzzle  flow  field  can  be  estimated  by  a  comparison  with 
calculated  CARS  spectra1”  for  N2.  The  second  vibrational  level  is  only 
noticeably  observed  for  temperatures  greater  than  1000  K  which  we  place  as  the 
upper  limit  for  the  temperature  at  7.5  cm  downstream  of  the  muzzle  exit  at 
times  greater  than  2  milliseconds.  For  the  1  millisecond  case,  noise 
associated  with  the  recorded  signal  prevent  any  conclusion  from  being  made. 

No  other  published  temperature  data  have  been  reported  for  identical 
conditions,  thus  a  direct  comparison  is  not  available.  This  1000  K 
temperature  is  substantially  below  other  reported  intermediate  flash 
temperatures;  Klingenberg  and  Mach^  measure  temperatures  around  1800  K,  10  cm 
downstream  of  the  muzzle  exit  at  times  around  0.9  millisecond  after  bullet 
exit.  Several  explanations  for  this  low  upper  limit  are  plausible. 
Intermediate  flash  lasts  for  about  1  millisecond,  and  thus,  substantial 
cooling  can  take  place  at  longer  times.  The  position  7.5  cm  downstream  of  the 
muzzle  exit  is  on  the  leading  edge  of  the  luminous  portion  of  the  intermediate 
flash  region  (see  Figure  2a  of  Reference  9),  and  thus,  is  not  representative 
of  the  conditions  within  the  intermediate  flash  region. 

It  is  also  believed  that  this  7.5  cm  position  is  responsible  for  the 
apparent  disappearance  of  the  CARS  signal  at  times  shorter  than  about 
1  millisecond.  This  situation  is  unfortunate,  but  can  be  explained  in  terras 
of  pressure  variations  of  the  muzzle  flow  field.  Klingenberg11  has  measured 
the  pressure  history  for  an  identical  rifle  at  a  position  7.5  cm  downstream 
from  the  muzzle  exit.  Rich  combustion  products  emerging  from  the  muzzle 
expand  adiabatically  into  surroundings.  During  the  course  of  this  expansion, 
gas  pressure  decays  from  approximately  200  atmospheres  to  subatraospher ic 
pressure  (approximately  0.3  atm).  For  the  position  of  7.5  cm  downstream  from 
the  muzzle  exit,  Klingenberg  finds  that  this  subatomspheric  pressure  lasts 
from  0.15  to  1.2  milliseconds  after  bullet  exit.  The  gas  flow  decelerates 
after  passing  through  the  inner  shock  front  (Mach  disk)  which  terminates  the 
expansion.  A  rapid  pressure  jump  from  0.3  to  1.6  atmospheres  occurs  at  t  * 

1.2  milliseconds  corresponding  to  the  passage  of  the  Mach  disk.  At  later 
times  the  pressure  decays  back  to  atmospheric  pressure.  With  respect  to  the 
CARS  measurements,  the  signal  strength  is  proportional  to  the  square  of 
density  which  means  that  signal  strengths  at  time  <1.2  milliseconds  are  over 
an  order  of  magnitude  less  than  those  at  a  later  time.  This  large  change  can 
easily  cause  an  apparent  disappearance  of  the  CARS  signal. 

V.  CONCLUSION 

The  study  of  muzzle  flash  is  a  difficult  task  due  to  the  presence  of  high 
luminosity,  extreme  density  changes,  and  high  particulate  loadings.  These 
conditions  vary  during  the  course  of  the  event,  and  thus,  opportunities  exist 
at  certain  times  to  apply  laser  based  diagnostic  techniques.  We  have 
demonstrated  the  ability  to  obtain  CARS  signals  during  the  firing  of  a  gun. 
Although  these  signals  were  recorded  for  times  late  in  the  event  as  compared 


to  the  flash  phenomenon ,  improvement  in  the  experimental  technique  should 
permit  the  probing  of  the  muzzle  flow  field  during  times  of  the  actual 
flashing  process. 


VI.  FUTURE  STUDIES 

Further  studies  on  muzzle  flash  temperature  measurements  will  involve 
more  in-depth  studies  in  several  areas.  First  the  CARS  fitting  program 
developed  for  the  nitrogen  molecule^  will  be  revised  to  be  able  to  analyze 
the  CARS  data  for  carbon  monoxide.  Second,  this  program  will  be  used  to 
determine  temperatures  in  an  experimentally  well  characterized  CO/O2  laminar 
premixed  flat  flame.  These  CARS  determined  temperatures  will  be  compared  with 
temperatures  obtained  from  Raman  spectroscopy  using  the  same  burner  under 
analogous  experimental  conditions. 

Once  the  burner  studies  are  completed,  more  CO  CARS  spectra  of 
intermediate  muzzle  flash  will  be  attempted.  Positions  further  downstream  of 
the  muzzle  exit  at  shorter  times  will  be  probed  to  insure  that  we  are  well 
within  the  region  of  intermediate  flash  at  the  appropriate  times.  If  it  is 
determined  that  low  temperatures  persist  here  (negligible  excitation  of  CO  hot 
bands'),  a  change  to  probing  the  CARS  spectra  of  the  molecules  will  be  made. 
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